Neuropilin-1 (Nrp1), originally characterized as an adhesion molecule in the nervous system, is a co-receptor for class-3 semaphorins. Neuropilins and semaphorins are highly expressed in a wide spectrum of tumors and have been shown to influence their growth and vascularization. Despite the growing body of data on neuropilin/semaphorin regulation of tumor growth, still the exact mechanism of their activity remains to be elucidated. Previously published data suggests that Nrp1 has both anti-and promigratory characteristics in different tumor types, although no data is available on its role in melanoma cells. In this paper, we studied the effect of Nrp1 downregulation on B16(F10) melanoma cells migration. Our results show that the silencing of Nrp1 significantly increases the overall mobility of B16(F10) cells and changes their morphology. Moreover, Nrp1-silenced B16(F10) cells show a decreased response to Sema3A. We also observed reduced binding of Sema3A to these cells. Contrarily, no changes were observed in the binding of Sema3C to Nrp1-silenced B16(F10) cells, nor in its chemorepellent activity. Our results suggest that modulation of B16(F10) cells migratory ability by semaphorin 3A can be preferentially mediated by Nrp1, while the contribution of semaphorin 3C in this process is less evident. In addition, silencing of Nrp1 did not change the migratory ability of B16(F10) cells towards VEGF.
Neuropilins (Nrp1 and Nrp2) were originally characterised as receptors for the axon guidance class-3 semaphorin family, the signal molecules which regulate cell migration, axon outgrowth and lead to the collapse of pseudopodia and growth cones [1, 2] . It was later discovered that neuropilins are also expressed by many invasive malignancies (e.g. astrocytoma, neuroblastoma, glioma, melanoma, osteosarcoma, ovarian cancer), influencing angiogenesis and tumor progression [reviewed in 3] .
The overexpression of Nrp1 in prostate tumors correlated with the advanced stage, grade and metastatic potential of the tumor [4] . The expression of Nrp1 in stroma significantly increased with the malignant phenotype of the tumor cells [5] . In the same way, co-expression of Nrp1 and Nrp2 correlated with worse prognosis' for non-small cell lung carcinoma patients. Increased vessel numbers in the tumors expressing both neuropilins, as compared to those without co-expression, suggested that both Nrp1 and Nrp2 can be key molecules for tumor vascularization [6] . It was also found that a high expression level of Nrp1 in tumor-associated endothelial cells correlated with an aggressive, angiogenic phenotype of melanoma [7] . So far, it has not been fully elucidated whether expression of Nrp1 in invasive carcinomas has a direct role in malignant transformation and/or metastatic potential of the tumor.
Previous results showed that Nrp1 has both pro-and antimigratory activities in tumor cells. Overexpression of Nrp1 increased migration of prostate cancer cells AT2.1 [8] and colon cancer cells KM12SM/LM2 [9] . However, the opposite effect was observed in breast cancer MDA-435, MFCF7, MDA-231 cells [10] and pancreatic cancer Panc-1 cells [11] , suggesting that Nrp1 may act in a cell-type dependent manner. Nrp1 was also reported to enhance the survival of breast cancer MDA-MB-231 [12] and colon cancer WiDR cells [13] .
The function of Nrp1 in tumor cells is mainly regulated by its interaction with semaphorins and VEGF (vascular endothelial growth factor), including Sema3A and VEGF 165 (isoform of vascular endothelial growth factor A). Previous results showed that semaphorin 3A (Sema3A) and VEGF 165 compete for the Nrp1 binding site [14, 15] . It seems that the Nrp1 effect on cancer cells' migration highly depends on its ligands accessibility. For example, cells with a high Sema3A/VEGF protein ratio exhibited a low rate of chemotaxis, whereas cells with low ratio of these proteins were more chemotactic. [10] .
The role of Sema3A in Nrp1-mediated migration of tumor cells is suggested also by the observation that its expression in ovarian cancer decreased as the disease progressed and inversely correlated with the microvessel density of the tumor [16] . Antimigratory effect of Sema3A was also observed in MDA-435 and MDA-231 breast cancer cells [10] and PC3 prostate cancer cells [17] . The role of class 3 semaphorins on tumor growth seems to vary between the various members of this protein family. While it is generally accepted that the expression of Sema3A slows down the tumor growth, another member of the semaphorin family, namely semaphorin 3C (Sema3C), appears to exert the opposing effect [18] . Increased expression of Sema3C characterizes cancers with higher invasive and metastatic potential [19, 20] .
The differential activity of semaphorins is regulated by their binding to specific neuropilin/plexin complexes, which restrict the signal semaphorin specificity and allows the receptor complex to discriminate between different semaphorins. It was shown that Sema3A binds with high affinity to Nrp1 but not to Nrp2 [21, 22] . Additionally, signal transduction by Sema3A involves a functional complex of Nrp1 and various types of Plexins: A1 [23] , A2 [24] , A3 [25] , A4 [26] or D1 [27] . In contrast, Sema3C shows a similar affinity to both Nrp1 and Nrp2 [28] . The molecular mechanism of neuropilin-mediated semaphorins activity seems to be regulated by various complexes of neuropilins, plexins and other proteins (e.g. L1CAM: [29, 30] ), presumably acting in a context-dependent manner.
In this paper, we studied the influence of Nrp1 silencing on B16(F10) melanoma cells migration and its effect on activity of Sema3A and Sema3C. We observed that the depletion of Nrp1 markedly enhanced the chemotactic ability of these cells and reduced binding ability and chemorepellent activity of Sema3A, whereas it had no influence on the activity of Sema3C in B16(F10) cells deprived of Nrp1.
Materials and methods
Cells lines. B16(F10) murine melanoma cells purchased from American Type Culture Collection (ATCC) were cultured in RPMI 1640 (Sigma) supplemented with 10% fetal bovine serum. Cells were maintained at 37°C in 95% air and 5% CO 2 RNAi Transient Transfection. The target sequence for silencing of Nrp1 (5'-GTGGATGATATCAGTATTA-3') was chosen by using a free website to design siRNA (Dharmacon, Inc). Selected siRNA, which we called siRNA#460 matched the nucleotides of 15th exon of Nrp1 gene (GeneBank Acc. No. NM_008737). Transfection of B16(F10) cells was performed at about 50% cell culture confluence with the above mentioned siRNA duplex (siRNA#460), using DharmaFECTTM1 at 100 nM concentration. The transfection was repeated two times at an interval of 12 hours. The transfection with control siRNA (GFP DuplexIII; Dharmacon, Inc.) was performed under the same conditions. RNA analysis was performed after 36 h of cell growth. Protein detection and migration assay were carried out after 63 h of cell growth.
Reverse-transcription polymerase chain reaction. Total RNA was isolated from cells after 36 h of exposure to siRNA using the RNeasy Mini Kit (Qiagen), followed by DNaseI digestion and repurification. The following specific primers were used: Nrp1: 5'-GTGAAATCGGAAAAGGAAACCTTG-3', 5'-ATATCCTGGAGTGCTCCCTGTTTC-3'; Nrp2: 5'-AAGCAAACTCCTTTGGGTCA-3' , 5'-CAAAAGCTGA-TATGGGTTCCA-3' . Ribosomal RNA (18S) fragment was amplified as a loading control using the following primers: 5'-GTTGGTGGAGCGATTTGTCTGG3' , 5'-GCAGCCCCG-GACATCTAAGG-3' . RT-PCR was performed using the following conditions: 50°C for 10 min; 94°C for 3 min; 2 cycles at 94°C for 30 Protein detection. Cell lysates were obtained 67 hours after transfection. Cells were solubilized in lysis buffer (50mM Tris-HCl, pH 7.5, 150 mM NaCl, 50 mM NaF, 1% NP-40, 1mM DTT, 1mM PMSF)suplemented with Complete Mini Protease Inhibitor Cocktail (Roche Diagnostic). After centrifugation at 15000 g for 10 minutes at 4°C, supernatants were frozen and total protein content was determined using Protein Assay Kit (BioRad); 30 µg of protein extracts were separated by SDS-PAGE in 8% polyacrylamide gel and immobilized on a nitrocellulose membrane (Whatman). Blots were blocked in 5% skimmed milk in TTBS (0.25 M Tris-HCl (pH 7.5), 0.1% Tween-20, 0.15 M NaCl) for 1 hour and incubated overnight at 4°C with polyclonal anti-Nrp1 antibody (1:2000; Santa Cruz Biotechnology), followed by incubation with secondary anti-rabbit-HRP antibody (1:5000; Pierce). Labelled protein were visualized using Chemiluminescence Reagent Detection System (Pierce).
Conditioned medium (CM). Cells ( 3×10 5 ) were seeded using 20 cm 2 plates. After 24 hours the cells were transfected using Lipofectamine TM 2000 (Invitrogen) with the following plasmids: pAG-3/AP, pAG-3/AP/Sema3A [31] , pSec/VEGF 165 [32] and pAG-3/AP/Sema3C (a gift from dr J. Solowska-Baird). The control plasmid pAG-3/AP contains the signal sequence and the coding sequence of human alkaline phosphatase (AP). pAG-3/AP/Sema3A or pAG-3/AP/Sema3C plasmids contain the signal sequence and the coding sequence of alkaline phosphatase fused in frame with mouse semaphorin 3A or 3C, respectively. pSec/VEGF 165 contains the signal sequence and the coding sequence of human VEGF 165 . After transfection (24 h) the medium containing semaphorins-AP or VEGF 165 and alkaline phosphatase (control conditioned medium) was collected, spun down, frozen and used for migration and binding assays. Plasmids pAG-3/AP, pAG-3/AP/Sema3A and pAG-3/AP/Sema3C all had alkaline phosphatase (AP) as a reporter protein and plasmid pSec/VEGF 165 did not have a reporter protein. Alkaline phosphatase was measured in the following way: after heat inactivation of endogenous alkaline phosphatase, 5 µl of CM was incubated for 1 h with 200 µl of pNPP (p-nitrophenyl phosphate, Sigma) and assessed by measuring absorbance changes at 405 nm using a 96-microplate reader EL X 800 (Bio Tek Instruments, Inc); 1 pM AP fusion protein corresponds to approximately 30 OD 405 units per hour [33] . The presence of VEGF 165 protein in CM was confirmed using Western Blot analysis and antibody against VEGF (RD Systems) (data not shown).
Semaphorin binding assay. B16(F10) cells were cultured in 8-well chamber slides. Cells were incubated with conditioned medium containing AP/Sema3A or AP/Sema3C or control CM for 90 minutes at 37°C in 95% air and 5% CO 2 . Cells were then washed with PBS, fixed with 4% PFA and heated for 15 minutes at 65°C to inactivate endogenous alkaline phosphatase. Bound heat-stable alkaline phosphatase was detected by incubation with substrates: BCIP (5-bromo-4-chloro-3'-indolyphosphate p-toluidine salt) and NBT (nitro-blue tetrazolium chloride) (Zymed) for 14 h at room temperature (RT). To exclude nonspecific binding of alkaline phosphatase to cells, several testing experiments were performed using control conditioned medium (control CM). Control CM bound neither to wild type B16(F10), control siRNA transfected cells, nor to Nrp1-specific siRNA#460 transfected cells (data not shown).
Cell migration assay. Chemotactic activity of semaphorins was measured by a migration assay performed on a Boyden chamber system with 8 µm membranes pores (BD Biosciences transwell system). Prior to performing the migration assay, inserts were coated by immersing in a fibronectin solution (4 μg/ml of fibronectin, 138 mM NaCl, 2.7 mM KCl, 11 mM glucose, 3.6 mM NaH 2 PO 4 , 2 mM KH 2 PO 4 , 0.47 mM NaHCO 3 , 0.00025% Phenol Red, pH 7.2) for 1 h. Control siRNA-or Nrp1 specific siRNA#460-transfected B16(F10) cells (5×10   4   ) were suspended in 0.3 ml RPMI/0.1 % BSA and placed in the top chamber; conditioned medium (0.8 ml of control CM, Sema3A-AP or Sema3C-AP conditioned medium) was added to the bottom chamber. After 4 hours, non-migrating cells were scraped from the top compartment; cells that had migrated to the bottom compartment were fixed (10 minutes) with methanol, stained with 5% Giemsa and counted in four observation fields (20x magnification, Nikon microscope). The experiment was repeated four times. Statistical analysis was performed using the unpaired t-test (Statistica Software).
Results
Nrp1 silencing increases migration and alters morphology of B16(F10) cells. To determine Nrp1 influence on migration of B16(F10) cells we downregulated Nrp1 expression in these cells using Nrp1 specific siRNA oligonucleotide called by us siRNA#460. Although both neuropilins (Nrp1 and Nrp2) were expressed in B16(F10) cells (Fig.  1A) , transfection of the cells with siRNA#460 resulted in specific silencing of Nrp1 (Fig. 1A) . The effect of Nrp1 downregulation in B16(F10) on the migration ability of B16(F10) cells was assessed after silencing procedure using the Boyden chamber system. The migration ability of cells transfected with siRNA#460 (155.7 cells/field) significantly increased (p<0.001), as compared to the mobility of the cells transfected with control siRNA (43.2 cells/field) (Fig. 1B) . We also observed that silencing of the Nrp1 gene expression induced significant changes in cell morphology. As shown in Fig. 1C , control B16(F10) cells contain long microvilli and tend to pile up on each other, whereas B16(F10) cells transfected with siRNA#460 were deprived of microvilli and show a tendency to attached to each other.
Semaphorin 3C inhibits migration rate of Nrp1-silenced B16(F10) cells. In order to find out whether Sema3A and Sema3C would affect the Nrp1-dependent migrating ability of B16(F10) melanoma cells, we performed migration assays using the Boyden chamber system. We analyzed the migration activity of the cells towards the bottom compartment filled with conditioned medium containing Sema3A-AP or Sema3C-AP. The presence of Sema3A-AP and Sema3C-AP in the conditioned medium was expressed by molar concentration of alkaline phosphatase and amounted to 2 nM and 2.3 nM, respectively. Chemorepellent activity of semaphorins was referred to as the number of cells that had migrated across the membrane to the bottom compartment. As shown in Fig.  2A , Sema3A-AP inhibited migration of the cells by 43%, and Sema3C-AP by 47%, compared to the control conditioned medium, confirming chemorepellent activity of these semaphorins. To investigate the influence of Nrp1 silencing on semaphorin activity, we performed a migration assay for cells transfected with siRNA#460. It can be seen from the Fig.  2B that although both semaphorins exhibited an inhibitory effect on Nrp1-downregulated B16(F10) cells, Sema3A-AP reduced the number of migrating cells only by 27%, and Sema3C-AP by 60%, compared to the control conditioned medium. To investigate whether the observed differences may result from the changes in Nrp1/semaphorins interaction, we evaluated the binding ability of Sema3A-AP and Sema3C-AP to B16(F10) cells. As shown in Fig. 3A , both semaphorins bind to B16(F10) control cells, whereas downregulation of Nrp1 resulted in a reduction of Sema3A-AP binding without influencing the binding ability of Sema3C-AP (Fig. 3B) .
VEGF 165 has no effect on B16(F10) migration activity. It has been shown that VEGF 165 promoted membrane ruffling activity and migration of breast cancer cells [34 -36] . To find out whether VEGF 165 could influence the migratory activity of B16(F10) melanoma cells we performed migration assays. The conditioned medium containing VEGF 165 (as confirmed by Western blot; data not shown), or control medium was placed 
Discussion
Cell movement from one area to another in response to chemical signals is fundamental to embryonic development and wound repair, as well as tumor metastasis and progression. Neuropilins (Nrp1, Nrp2) are proteins that regulate these processes and are generally regarded as tumor promoting factors [37] . Neuropilins may influence cancer growth by affecting not only tumor angiogenesis and migration of cancer cells, but also by regulating apoptosis and immune processes. The molecular mechanisms by which neuropilins modulate cancer progression are rather poorly understood. The complexity of the signalling pathways and large number of neuropilins ligands, as well as dependence of neuropilin-mediated effects on cancer type and cellular context, may be a source of the divergent results of studies concerning the role of neuropilins in tumorigenesis [18, 40] . It has been reported that Nrp1 can mediate both promigratory and antimigratory activities of tumor cells [8] [9] [10] [11] [12] [13] while Nrp2 has been shown to stimulate angiogenesis in multiple tumors [38] . However it was also reported that a decreasing of its expression in melanoma cells can activate endothelial cells [39] .
In the case of melanoma it was shown that Nrp2 could be a potential mediator of melanoma-endothelial interactions [41] and a therapeutic target [42] . On the other hand, Nrp2 was found to be functionally involved in chemorepulsive [43] and antimigratory properties of semaphorin 3F in melanoma [39] . Whether and how the Nrp1 can influence melanoma cell migration is not known. Here, using siRNA technology we investigated the role of Nrp1 in the migratory activity of metastatic mouse melanoma cancer cell line B16(F10), widely used as a model system for studying various aspects of melanoma biology.
We have shown that a reduction of Nrp1 level resulted in a significant enhancement of migration rate of these cells. A similar effect of Nrp1 depletion had already been observed in the case of pancreatic cancer cells (Panc-1) [11] and breast cancer cells (MDA-435, MCF7, MDA-231) [10] . The authors of the latter report concluded that the effect was caused by the reduction of the chemorepellent activity of Sema3A, for which Nrp1 is the main functional receptor. This explanation could also be true for B16(F10) cells since we have observed decreased Sema3A binding to melanoma cells deprived of Nrp1 protein, while no similar effect was observed for Sema3C.
The role of secreted class-3 semaphorins in tumor progression has emerged during the last decade. It has been documented that semaphorins modulate the adhesive and migratory properties of responsive malignant cells influencing tumor development. Some of them have protumorogenic properties (Sema3C, Sema3E) while other (Sema3A, Sema3F, Sema3B) exert a rather opposite effect [18] . So far knowledge about the role of semaphorins in melanoma biology is limited to mainly semaphorin 3F, an overexpression of which was found to inhibit lymph node and lung metastasis in human melanoma tumor cells (A375SM) [43] .
Our data presented here suggests for the first time that two other semaphorins, namely Sema3A and Sema3C may also be chemorepulsive for melanoma cells. Both semaphorins reduced chemotaxis of B16(F10) cells at a similar rate, although the results obtained for the Sema3A were not statistically significant. Chemorepellent activity of semaphorin 3A was earlier shown to be responsible for Sema3A inhibitory effect on migration of prostate PC3 [17] and breast cancer cells (MDA-435, MFCF7, MDA-231) [10] . In the latter case the effect was mediated by a Nrp1 receptor. In our study, even if the depletion of Nrp1 almost completely reduced the binding capability of Sema3A, its antimigratory effect on B16(F10) cells was nevertheless observable. These results suggest that Nrp1 could be the main receptor for Sema3A in B16(F10) cells, but presumably not the only one. Serini et al. [44] has shown that Sema3A inhibited the adhesion of endothelial cells via integrin α ν β 3 , independently of Nrp1. Since this integrin is highly expressed in B16(F10) melanoma cells [45] , one may speculate that it could also be an alternative receptor for Sema3A.
In contrast to Sema3A, Sema3C expression seems to be correlated with the chemoresistance and metastatic potential of tumor cells. The expression of Sema3C was detected in numerous glioma cell lines (U138MG, U87MG, LN-428, D247MG, T98G, LN-319, LN-229, A172, U251MG, U373MG, LN-308) [46] . A significantly higher expression level of Sema3C was found in the CDDP-resistant ovarian cell lines (TYKnuR) and lung cancer cell lines (Lu65/CDDP, MS-1/CDDP) as compared to their CDDP-sensitive parental cells. [47] . A much higher level of Sema3C was also reported in metastatic human lung adenocarcinoma cells (HAL-8Luc) than in a non-metastatic cell line (HAL-24Luc) [19] . Sema3C acts as a chemoattractant, via Nrp1 or Nrp2, upon EC cells (MGEC cell line) [48] , as well as upon prostate cancer PC3 cells [17] .
In contrast to the aforementioned results we observed the chemorepellent activity of Sema3C on B16(F10) cells. Silencing of Nrp1 in these cells did not influence Sema3C chemorepellent activity and, contrarily to Sema3A, did not change its binding to B16(F10) cells. This observation may suggest that Nrp1 is not a receptor for Sema3C in B16(F10) cells, or at least not the main one. The candidate for functional receptor mediating Sema3C antimigratory activity in melanoma cells B16(F10) could be Nrp2, which was shown to transfer chemorepulsive signal of previously mentioned semaphorin Sema3F in breast cancer cell line C100 [49] as well as melanoma A375SM cell line [43] .
On the basis of the previously performed microarray-based experiments (50) (see also Table 1 ) we suggest that potential candidate Nrp1 co-receptors expressed highly in B16(F10) cells could be plexin A3 and plexin D1. It has been reported previously that only Nrp1/PlexinD1 or Nrp2/PlexinD1 complexes are responsible for mediating semaphorin signalling in endothelial cells [27] . The strong expression of plexin D1 in B16(F10) cells suggests that it could be a candidate for functional co-receptor required for Sema3C activity also in melanoma cells. On the other hand, insignificant expression of Nrp1 co-receptors such as Kdr, Flt1 and Flt4, may explain our observation that VEGF does not affect migration of B16(F10) melanoma cells.
In summary, our results indicate that Sema3A and Sema3C exhibit chemorepellent activity in B16(F10) melanoma cells and presumably act through different or overlapping receptors. While Sema3A seems to exert its antimigratory effect mainly through Nrp1, Sema3C most likely acts through other signal transducers, possibly Plexin D1 and Nrp2. However further studies are needed to verify this supposition. The molecular mechanisms by which neuropilins modulate cancer progression are very poorly understood, mostly due to the large number of their ligands and co-receptors. The great complexity of these molecular processes results in a high diversity of observed effects between cell lines. It would be of great interest and importance to validate the obtained results in a broad panel of cell lines derived from human melanoma, a tumor heterogeneity of which is well established. Elucidating the role of neuropilins in melanoma biology is especially warranted, since metastatic melanoma is still an incurable disease. It is worth noting that neuropilins have emerged recently as a highly attractive target for cancer therapy (51), due to their participation in binding of tumor penetrating peptide iRGD which has a potential to selectively deliver various therapeutics to tumor tissue (reviewed in: 52).
